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Abstract 
New voltammetric DNA biosensor based on a microcrystalline natural graphite–polystyrene composite film in the 
role of a transducer was used for the investigation of the interaction between model carcinogenic substance 
(2-aminofluorene; one of the most extensively studied examples of the aromatic amine class of carcinogens) and calf 
thymus double-stranded DNA (dsDNA). The layer of dsDNA immobilized at the electrode surface was utilized as a 
biocomponent responsive interface. The biosensor was characterized regarding the detection of DNA damage 
(induced by direct interaction with 2-aminofluorene) using square wave voltammetric responses of the guanine and 
adenine moieties and cyclic voltammetric responses of the anionic redox indicator [Fe(CN)6]4–/3– present in the 
solution. 
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Institute of 
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1. Introduction 
A newly developed microcrystalline natural graphite–polystyrene composite film electrode (CFE), 
formed by covering a classical solid working electrode with a conductive carbon film transducer, 
represents a very promising alternative to electrode surfaces modified by several carbon nanoparticles 
with profitable electrocatalytic properties (nanotubes, graphene etc.). The smallest particles of micronized 
natural graphite (type CR 2 995, Graphite Týn, Týn nad Vltavou, Czech Republic) reach the size around 
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1000 nm (according to the Physical and Chemical Data Sheet [1]), which is very close to dimensions of 
carbon nanoparticles commonly used in modern electroanalytical applications. However, the price of this 
electrode material is incomparably lower (about 1 US cent per 1 g) than that of commercially available 
carbon nanoparticles and, therefore, it is more applicable for electroanalytical practice. 
Moreover, the CFE represents a suitable alternative to the commercially available disposable 
screen-printed carbon electrodes [2]. Its simple, fast and inexpensive preparation (the surface of classical 
solid working electrode in a plastic electrode body is covered with 10 μl of carbon ink suspension and left 
to evaporate to dryness), simple mechanical renewal of the electrode surface (by wiping off the old film 
with filter paper and forming a new one), good reproducibility of measurements, elimination of problems 
connected with “electrode history” and simple chemical modification are the main advantages. 
The aim of this work was to develop and characterize a new electrochemical biosensor, based on an 
electrochemically active double-stranded DNA (dsDNA) recognition layer [3] immobilized at the CFE, 
for the detection of genotoxic substances (carcinogenic 2-aminofluorene (2-AF; Fig. 1) was selected as a 
model substance representing the large group of amino derivatives of polycyclic aromatic 
hydrocarbons [4,5]). The biosensor (DNA/CFE) was characterized regarding the detection of DNA 
damage (induced by direct interaction with 2-aminofluorene) using square wave voltammetric (SWV) 
responses of the guanine and adenine moieties and cyclic voltammetric (CV) responses of the anionic 
redox indicator [Fe(CN)6]4–/3– present in the solution [6]. 
 
NH2
 
Fig. 1. Structural formula of 2-aminofluorene (2-AF). 
2. Experimental 
2.1. Reagents 
Calf thymus dsDNA was obtained from Sigma–Aldrich, Prague, Czech Republic (product number 
D-1501), and used as received. Concentrated stock solution (1.0 mg ml–1 dsDNA) was prepared in 
0.01 mol l–1 Tris-HCl (p.a. purity, Sigma–Aldrich) and 1×10–3 mol l–1 EDTA (p.a. purity, Sigma–Aldrich) 
solution of pH 8.0 and stored at –4 °C. 
The stock solution of 2-aminofluorene (c = 1×10–3 mol l–1; 98%, Sigma–Aldrich) was prepared by 
dissolving an exact amount of the substance in 100.0 ml of 0.1 mol l–1 HCl (36%, p.a. purity, Lachema, 
Brno, Czech Republic). Dilute solutions were prepared every day by exact dilution of the stock solution 
with deionized water. 
Other chemicals (all p.a. purity) were supplied by Lach-Ner, Neratovice, Czech Republic, and were 
used as received. A 0.1 mol l–1 acetate buffer (AcB; resulting pH 4.75) and a 0.1 mol l–1 KCl solution 
were used as supporting electrolytes. Deionized water was produced by Milli-Q Plus system (Millipore, 
Billerica, MA, USA). 
All solutions were kept in glass vessels in the dark at laboratory temperature, except the dsDNA 
concentrated stock solution mentioned above. 
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2.2. Apparatus 
Voltammetric measurements were carried out using a μAutolabIII electrochemical analyzer driven by 
GPES 4.9 software (both Metrohm, Herisau, Switzerland). The software worked under the Microsoft 
Windows XP Professional operating system (Microsoft Corporation, Redmond, WA, USA). 
All measurements were carried out in a three-electrode system using a saturated calomel electrode 
(SCE; type RCE 103, Monokrystaly, Turnov, Czech Republic) as a reference electrode, a platinum 
electrode (type PPE, Monokrystaly) as an auxiliary electrode and the CFE or DNA/CFE as working 
electrodes. 
2.3. Preparation of the transducer (CFE) 
The whole circular area (38.5 mm2) of a commercially available glassy carbon electrode (glassy 
carbon disc (diameter 2.0 mm) in a polyetheretherketone cylindrical body (diameter 7.0 mm), product 
number 6.1204.110, Metrohm) was covered with 10.0 μl of carbon ink suspension – a mixture of 0.09 g 
of micronized natural graphite (type CR 2 995, Graphite Týn, Týn nad Vltavou, Czech Republic) and of 
0.01 g of common blown polystyrene in 0.5 ml of 1,2-dichloroethane (99.0%, Sigma–Aldrich) (toluene 
(99.5%, Lach-Ner) and acetone (99.9%, Lach-Ner) were also tested as solvents) – and left to evaporate to 
dryness. 
2.4. Preparation of the biosensor (DNA/CFE) 
The CFE surface was pretreated by applying a potential of 1.4 V for 120 s and 1.6 V for 60 s in 10 ml 
of AcB, under stirred conditions; this procedure was necessary to oxidize all contaminants present on the 
CFE surface and to activate the electrode surface and make it susceptible to the dsDNA 
immobilization [3,7]. After this pretreatment, a voltammetric control scan (SWV in AcB and/or CV in 
1×10–3 mol l–1 [Fe(CN)6]4–/3– in 0.1 mol l–1 KCl) was performed to monitor the state of the working 
electrode. After washing the electrode surface with deionized water and leaving it to dry, 5 ȝl of the 
dsDNA stock solution (1.0 mg ml–1) were dropped onto a bare CFE and left to evaporate to dryness 
during a period of 1 hour (different times of drying were also tested) in order to obtain a DNA layer stable 
during subsequent use of the biosensor in solution [8]. 
2.5. Procedures 
The DNA/CFE and bare CFE were used as disposable sensors. Before the measurement, the bare CFE 
was pretreated as described in Paragraph 2.4. The DNA/CFE biosensor was used after equilibration for 
2 min in AcB (SWV measurements) or 0.1 mol l–1 KCl (CV measurements) without any other treatment. 
For the SWV measurements, the polarization rate 3000 mV s–1, the pulse amplitude 40 mV, the 
frequency 200 Hz and the potential step 15 mV were used. For the CV measurements, the polarization 
rate 50 mV s–1 and the potential step 5 mV were used. 
The SWV peak current of the guanine (Ip,g) and adenine moieties (Ip,a) as well as the CV current 
difference (¨I) data are expressed as the relative values compared to the values obtained at the biosensors 
before its incubation in a cleave agent. 
At the SWV measurements of the guanine and adenine moieties oxidation, the surviving DNA portion 
(i.e., a relative biosensor response to DNA damage) was calculated using the equation: 
 
Srel = (S1 / S0) × 100 (1) 
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where S0 and S1 are signals recorded before and after the DNA/CFE damage. 
On the other hand, at the CV measurements, the surviving DNA portion was calculated according to 
the equation: 
 
ǻSrel = [(S1 – S) / (S0 – S)] × 100 (2) 
 
where S0 and S1 are signals recorded before and after the DNA/CFE damage and S is the signal recorded 
at the electrode without DNA layer, i.e., at the bare CFE. The CV current difference was evaluated at the 
potential corresponding to the peak potential of the redox indicator [Fe(CN)6]4–/3– at the bare CFE. 
The experiments (all performed at laboratory temperature) were repeated three times and the 
voltammetric measurements were also repeated three times (both the confidence intervals were calculated 
and the error bars were constructed for the significance level Į = 0.05), except the SWV measurements of 
the guanine and adenine moiety responses, which can be measured only once [3]. The reproducibility of 
the bare CFE as well as of that covered by the dsDNA layer was lower than 10% (RSD, n = 3) and, 
therefore, normalized values (in %) were used for the evaluation of the biosensor response to DNA 
damage. 
3. Results and discussion 
3.1. Voltammetric characterization of the CFEs 
Several organic solvents were tested for the preparation of the CFEs. The properties of carbon ink 
suspensions used were examined using the solution containing 1×10–3 mol l–1 [Fe(CN)6]4–/3– in 0.1 mol l–1 
KCl. Microcrystalline natural graphite was dispersed in 0.5 ml of 1,2-dichloroethane (or toluene/or 
acetone) with polystyrene binder. 10.0 μl of coating solution were used to form the film. The formation of 
usable composite film was unsuccessful in the use of acetone as the solvent; acetone evaporated too fast 
leaving a rough surface of the film. Cyclic voltammograms of 1×10–3 mol l–1 [Fe(CN)6]4–/3– recorded at 
the CFEs prepared using 1,2-dichloroethane or toluene as the solvents are depicted in Fig. 2 (black or blue 
curves, respectively). It can be seen that higher anodic and cathodic CV peaks were obtained at the CFEs 
prepared using 1,2-dichloroethane, the ratio of the anodic to cathodic peak current (|Ipa / Ipc|; ideal value is 
1.0) was 0.92 ± 0.01 (0.89 ± 0.16 for the CFEs prepared using toluene) (n = 3). The CFEs prepared using 
1,2-dichloroethane showed also lower difference between the potential of oxidation and reduction of 
[Fe(CN)6]4–/3– (Epa – Epc; ideal value is 59 mV) equaling (200 ± 4) mV ((257 ± 8) mV for the CFEs 
prepared using toluene) (n = 3) as well as better overall reproducibility (Fig. 2). Therefore, for all further 
experiments, 1,2-dichloroethane was used for the preparation of the CFEs. 
3.2. SWV investigations 
Voltammetric behavior of electrochemically active sites of dsDNA was investigated using SWV at the 
DNA/CFE in the AcB medium. Two well-defined anodic voltammetric peaks, corresponding to the 
oxidation of the guanine (p1) and adenine (p2) moieties, were observed at potentials 1.10 V and 1.37 V, 
respectively (Fig. 3; black curve). Due to the irreversible oxidation of DNA bases, both peaks decreased 
markedly in each subsequent scan. Therefore, newly prepared DNA biosensors had to always be used to 
evaluate the peak currents Ip,g and Ip,a before (p1, p2) and after (p'1, p'2) DNA damage. 
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Fig. 2. Cyclic voltammograms (second scans) of 1×10–3 mol l–1 [Fe(CN)6]4–/3– in 0.1 mol l–1 KCl recorded at the bare CFE (three new 
carbon films used) with 1,2-dichloroethane (black curves) and toluene (blue curves) used during the preparation of carbon films; 
polarization rate 50 mV s–1, potential step 5 mV. 
The SWV signals of dsDNA influenced by a direct interaction with 2-AF were obtained in AcB after 
3 min incubation of the DNA/CFE in the solution containing 1×10–4 mol l–1 2-AF in 0.01 mol l–1 HCl, 
followed by thorough washing the DNA/CFE with deionized water (Fig. 3; red curve). The same 
procedure was applied for blank measurement (Fig. 3; black curve), only no 2-AF was present in the 
incubation solution. Various times of washing the biosensor from 2-AF with deionized water (1, 3 or even 
10 min) as well as the presence of HCl used in the incubation solution did not affect the signals obtained. 
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Fig. 3. Baseline-corrected SW voltammograms recorded in AcB at the DNA/CFE after 3 min incubation of the DNA/CFE in 
0.01 mol l–1 HCl (black curve), at the DNA/CFE after 3 min incubation of the DNA/CFE in 0.01 mol l–1 HCl containing 
1×10–4 mol l–1 2-AF (red curve) and at the bare CFE after 3 min incubation of the CFE in 0.01 mol l–1 HCl containing 1×10–4 mol l–1 
2-AF (green curve); polarization rate 3000 mV s–1, pulse amplitude 40 mV, frequency 200 Hz, potential step 15 mV. Inset: The 
relative biosensor responses to DNA damage caused by 2-AF, evaluated using Eq. 1 from the changes in the height of the guanine 
(1) and adenine (2) moiety peaks; the error bars are constructed for Į = 0.05 (n = 3). See text for peaks description. 
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After the interaction of 2-AF with dsDNA, the signals of the guanine and adenine moieties were 
shifted on average by 0.04 V and 0.03 V, respectively, to more positive potentials and their SWV peaks 
decreased by 63% and 53%, respectively (Fig. 3; inset). These shifts in peak potentials indicated an 
intercalative binding of 2-AF into the dsDNA structure [9]. Moreover, the peaks observable at the 
potentials 0.55 V (p3) and 0.88 V (p4) corresponded to the oxidation of 2-AF accumulated inside the 
dsDNA. It can be seen from Fig. 3 that 2-AF was not accumulated into the bare CFE; the absence of 
SWV peak at 0.55 V signified that no 2-AF was absorbed into the carbon film. 
By means of this experiment, we can conclude that the DNA/CFE represents a sensitive biosensor for 
the detection of interaction between 2-AF and dsDNA. 
3.3. CV investigations 
Indirect detection of DNA damage caused by 2-AF was investigated using the [Fe(CN)6]4–/3– redox 
system by CV at the bare CFE and the DNA/CFE. The response of the redox indicator transmits the 
information about the blockage of the electrode surface by attached dsDNA [6]. The CV responses of 
dsDNA influenced by the direct interaction with 2-AF were obtained in AcB after 3 min incubation of the 
DNA/CFE in the solution of 1×10–4 mol l–1 2-AF in 0.01 mol l–1 HCl, followed by thorough washing the 
DNA/CFE with deionized water (Fig. 4; red curves). The same procedure was applied for blank 
measurement at bare CFE (Fig. 4; black curve) and the DNA/CFE with no 2-AF present in the incubation 
solution (Fig. 4; green curve). 
Interaction of 2-AF with dsDNA probably caused the fragmentation of dsDNA (strand breaks in the 
structure of dsDNA were formed) and dsDNA detached from the electrode surface [3]. Such behavior can 
be detected indirectly (Fig. 4). In the case when dsDNA remained at the electrode surface undamaged, the 
shape of [Fe(CN)6]4–/3– cyclic voltammograms more or less stagnated. After the interaction of 2-AF with 
dsDNA, the height of the CV peaks increased (Fig. 4; red curves). This increase was dependent on the 
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Fig. 4. Cyclic voltammograms of 1×10–3 mol l–1 [Fe(CN)6]4–/3– in 0.1 mol l–1 KCl recorded at the bare CFE after 3 min incubation of 
the CFE in 0.01 mol l–1 HCl (black curves), at the DNA/CFE after 3 min incubation of the DNA/CFE in 0.01 mol l–1 HCl (green 
curves) and at the DNA/CFE after 3 min incubation of the DNA/CFE in 0.01 mol l–1 HCl containing 1×10–4 mol l–1 2-AF (red 
curves); polarization rate 50 mV s–1, potential step 5 mV. Inset: The relative biosensor responses to DNA damage caused by 2-AF, 
evaluated using Eq. 2 from the changes in the height of the anodic (1) and cathodic (2) peaks of the [Fe(CN)6]4–/3– redox system; the 
error bars are constructed for Į = 0.05 (n = 3). 
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measure of damage to dsDNA [6]. Therefore, this approach can also be used for simple and fast detection 
of DNA damage (Fig. 4; inset). 
It is obvious that the obtained results represent only a pilot study for further investigation and 
calibration of thus prepared DNA biosensor. Nevertheless, even these primary results give us the 
suspicion that they represent a valuable background for the future electrochemical research. 
4. Conclusions 
In this work, the utilization of the microcrystalline natural graphite–polystyrene composite film 
electrode (CFE) for the preparation of the simple electrochemical DNA biosensor (DNA/CFE) for the 
detection of DNA damage induced by direct interaction with 2-aminofluorene (2-AF) is presented. The 
interaction of dsDNA with 2-AF was investigated using square wave voltammetry (SWV) and cyclic 
voltammetry (CV) at the DNA/CFE. 
Using SWV at the DNA/CFE, the decrease of peak currents of the guanine and adenine moieties was 
observed (after the interaction of dsDNA with 2-AF), indicating a well-known intercalation of the analyte 
(the ʌ-system of aromatic rings of 2-AF stacks in between bases of minor or major DNA groove) into the 
dsDNA structure causing dsDNA strand breaks [4]. Moreover, a strong binding interaction of 2-AF with 
dsDNA was confirmed by observation of enhanced SWV response of 2-AF accumulated into the dsDNA. 
Using CV at the DNA/CFE, indirect detection of DNA damage caused by 2-AF was investigated using 
the [Fe(CN)6]4–/3– redox system. The obtained results confirmed that the interaction of dsDNA with 2-AF 
caused a dsDNA damage, leading to the formation of strand breaks and desorption of DNA fragments 
from the electrode surface. 
The DNA biosensor developed and tested in this work seems to be very promising tool for 
electrochemical detection of various genotoxic xenobiotics. Therefore, increased attention will be paid in 
the future to the extended characterization, calibration and improvement of this biosensor to provide the 
highest possible sensitivity and selectivity. 
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